Background. Interferon α (IFN-α) and ribavirin can induce a sustained virologic response (SVR) in some but not all hepatitis C virus (HCV)-infected patients. The mechanism of effective treatment is unclear. One possibility is that IFN-α differentially improves the functional capacity of classic myeloid dendritic cells (mDCs) by altering expression of surface molecules or cytokines. Others have proposed that antigen-presenting cell activation could be paradoxically detrimental during HCV infection because of the production by monocytes of substances inhibitory or toxic to plasmacytoid dendritic cells.
Hepatitis C virus (HCV) persists in many people despite induction of immune responses that might be expected to clear the virus, including robust production of interferon α (IFN-α) and other cytokines, antibodies that are frequently neutralizing, and virus-specific T cells. An understanding of the immune mechanisms underlying treatment-mediated clearance might provide opportunities to improve existing and future treatments for HCV.
Individuals who spontaneously clear infection generally have stronger and broader T-cell responses than those who progress to chronicity, who display weaker or functionally impaired responses characterized by low levels of T-cell proliferation, cytokine production, or cytotoxicity in response to HCV antigens [1] [2] [3] [4] . There is also some correlative evidence that robust T-cell function contributes to treatment-mediated clearance, although this question is controversial. In particular, patients achieving sustained virologic response (SVR) develop stronger CD4 + T-cell responses than those who do not respond to treatment [5] . However, few studies have examined the longitudinal changes occurring in HCV-specific T cells as a result of treatment with IFN-α and/ or ribavirin. Barnes et al followed peripheral blood T-cell responses in a group of 31 patients and reported a decline in the frequency of interleukin 2-and IFN-γ-secreting HCVspecific T cells following the start of treatment [6] . IFN-α could augment T-cell responses and prompt SVR through a mechanism involving activation of antigen-presenting cells (APCs). For example, IFN-α alters the surface phenotype and functional capacity of dendritic cells, enhancing expression of HLA class I molecules, HLA class II molecules, and CD86 on immature myeloid dendritic cells (mDCs) and increasing production of interleukin 12 and tumor necrosis factor α by mature cells [7] [8] [9] [10] . Miyatake et al found that DCs differentiated from monocytes in the presence of IFN-α displayed dramatically higher CD86 expression than did untreated DCs and a greater capacity to prime production of IFN-γ and interleukin 2 by CD4 + T cells [11] . In the absence of exogenous IFN-α,
DCs from patients chronically infected with HCV are relatively deficient in CD80 and CD86 expression and CD4 + T-cell priming [12] ; therefore, IFN-α can act to overcome deficiencies conferred by HCV infection. In contrast to this potentially beneficial effect of mDC activation, however, it has been proposed that exuberant monocyte activation contributes to HCV persistence [13] . HCV core protein may trigger monocyte activation via effects on Toll-like receptor 2 [14] ; this activation leads to production of tumor necrosis factor α and IL-10, which together induce apoptosis in plasmacytoid DCs ( pDCs) [13] . The result of this cascade is reduced frequency of circulating pDCs and diminished endogenous IFN-α production.
We have addressed the question of variable APC response to IFN-α in a cohort of 192 patients who underwent treatment for HCV in a large integrated healthcare organization. Expression of activation markers was evaluated on monocytes, mDCs, and pDCs before and after in vitro exposure to IFN-α. We hypothesized that subjects who responded to therapy would demonstrate robust mDC responses to IFN-α. Unexpectedly, we found that subjects with SVR were clearly distinguished by lower monocyte activation responses while having mDC responses equivalent to those of subjects without SVR.
METHODS

Study Population
This retrospective case-control study population was derived from all patients positive for HCV genotype 1 who were treated with combination pegylated IFN-α plus ribavirin between July 2003 and January 2011 in the Northern California Kaiser Permanente Medical Care Program. The cohort consisted of 192 patients chosen to achieve equal representation of the following 4 racial or ethnic groups: non-Hispanic white, Hispanic, Asian, and black. Within each group, approximately equal numbers of SVR and non-SVR patients were included with approximately 40% women, consistent with the sex distribution of HCV in the general population. We recruited all eligible Asians and blacks (consecutive sample) and a random sample of non-Hispanic whites and Hispanics. Patients were considered ineligible if they had either chronic hepatitis B virus or human immunodeficiency virus (HIV) coinfection, had received >1 course of HCV treatment, or had cirrhosis at the time of treatment. Eligible patients were aged 18-65 years at treatment initiation, with documented laboratory evidence in the medical record of treatment outcome, defined as SVR, if they had undetectable HCV RNA 24 weeks after treatment cessation, or as non-SVR, if there was no evidence of early viral response (defined as a <2-log decline in viral load at treatment weeks 10-14 or detectable HCV RNA during weeks 15-24 of treatment). On the basis of patient report and/or medical record review, additional patients were excluded if they developed liver cancer or decompensated cirrhosis or were pregnant. Patients receiving immunosuppressive therapy in the 6-month period before enrollment were also excluded.
The study was conducted in accordance with international guidelines on good clinical practice and was approved by institutional review boards at all participating institutions [15, 16] . Patients provided written informed consent before collection of a blood specimen for the study and were offered a $25 gift card for participation.
Clinical and Demographic Data
Clinical information regarding medical assessment before treatment and clinical and laboratory parameters during treatment were obtained from the KPNC Viral Hepatitis Registry database, which derives its data from health plan electronic records. Race and ethnicity were based on self-report.
Treatment response status was confirmed using blood samples collected for the study. All patients had congruent results: the selected SVR patients had undetectable HCV RNA (detection limit, 17 IU/mL) and all non-SVR patients had quantifiable serum HCV RNA levels.
Biospecimen Processing
Blood samples were processed at a central laboratory, using standard methods to prepare plasma and peripheral blood mononuclear cells (PBMCs). Specimens were distributed for research labeled only with a study identification number, without clinical information.
IFN-α Stimulation
PBMCs were thawed quickly at 37°C, transferred into 13 mL thaw buffer ( phosphate buffered saline with 2% fetal bovine serum by volume and 5 µg of DNase I per mL), centrifuged for 15 minutes, resuspended in 3 mL AIM-V, and rested overnight at 37°C. Cells were counted the following day and adjusted to a final concentration of 10 M/mL in AIM-V. A 96-well, U-bottomed plate was prepared by addition of 10 µL of IFN-α2b stock containing 44 U or 880 U of cytokine. Wells were then seeded with 100 µL cells, giving a final concentration of 400 U/ mL or 8000 U/mL IFN-α2b. The dose of IFN and the incubation time were determined by reference to earlier literature [7] [8] [9] [10] 17] followed by simple range-finding experiments to confirm stimulation of cell types of interest under the conditions used. Plates were incubated at 37°C for 24 hours. Data shown are differences in expression between cells cultured without IFN and those cultured with IFN. Stimulated and unstimulated cells were cultured for an identical duration.
Flow Cytometry
Cells were stained using standard methods in 2 panels containing anti-CD14-Qdot605, anti-CD20-ECD, anti-CD123-PerCPCy5.5, anti-HLA-DR-PE-Cy7, anti-CD11c-Alexa700, anti-CD16-V450, anti-CD83-PE, anti-CD80-FITC, anti-CD86-APC, anti-PD-L1-PE, anti-HLA class I-APC, and anti-CD69-APC-Cy7. Data were collected on an LSRII flow cytometer and analyzed using FlowJo. A stain reagent for dead cells (Invitrogen Live/Dead Fixable Dead Cell Stain) was included in both panels. An insignificant amount of cell death (<5% of cells) was observed during the brief period of culture, and dead cells were excluded from the analysis.
Statistics
Data were stored in a MySQL database and analyzed with R. Principal components, lasso regression, random forests, and logistic regression used the prcomp function, glmnet package, party package, and glm function, respectively.
RESULTS
STRIDE Retrospective Treatment Cohort
The STRIDE cohort included 192 patients of diverse race and ethnicity treated for HCV infection at a large integrated healthcare organization in northern California. All patients were infected with genotype 1 virus and treated with pegylated IFN-α and ribavirin. The cohort comprised roughly equal numbers of black, Asian, Hispanic, and non-Hispanic white patients (Table 1) , of which approximately 51% achieved SVR. Baseline levels of fibrosis were determined for 69% of the cohort by liver biopsy and did not vary significantly between racial or ethnic groups. Genotype 1 subtype did vary between racial and ethnic groups, as would be expected on the basis of the known epidemiology of subtype infections (ie, with genotype 1b most commonly found in Asian subjects) [18] . The frequency of IL28B CC genotype at rs12979860 also varied as expected, with Asians most likely to have this variation and blacks least likely.
Immune Cells and Activation Markers Tested
PBMCs from all patients were treated for 24 hours in vitro with either 400 U/mL or 8000 U/mL of IFN-α. Treated and untreated cell aliquots were stained with fluorochrome-labeled antibodies and evaluated by flow cytometry for expression of lineage and activation markers, the latter including HLA class I, class II (HLA-DR), CD80, CD83, CD86, CD69, and PD-L1. Monocytes, mDCs, and pDCs were identified as follows: monocytes had a high side-scatter profile and were HLA-DR + Figure 1 . Upregulation of activation markers on myeloid dendritic cells (mDCs) and monocytes after in vitro stimulation with interferon α (IFN-α) . A, The expression of CD80 and CD86 on mDCs is shown before (top panels) and after (bottom panels) in vitro stimulation with 400 U/mL IFN-α. Gates shown in this panel and those for CD80 and CD86 in panel B were set on the basis of fluorescence minus one controls [19] . B, The expression of various activation markers on CD14 + monocytes is shown before (top panels) and after (bottom panels) in vitro stimulation with 400 U/mL IFN-α. Gates for major histocompatibility (MHC) class I and class II (HLA-DR) molecules were set so as to maximize differences between the unstimulated and stimulated samples. C, The mean change in expression of activation markers on monocytes after in vitro stimulation with IFN-α. All changes were statistically significant (Table 2) . D, The change in expression of activation markers on monocytes, by sustained virologic response (SVR) status. The uncorrected between-group differences shown here were all significant (from left to right, P = .003, .013, .049, .0007, and .002, respectively, by the rank sum test). Abbreviation: MFI, mean fluorescence intensity. Nonstatistically significant data are denoted in bold.
Abbreviations: mDC, myeloid dendritic cell; MFI, mean fluorescence intensity; pDC, plasmacytoid dendritic cell. Data denote loading (contribution) of indicated markers to the first principal component, unless otherwise indicated. The greatest loading in each column is indicated in bold.
Abbreviations: mDC, myeloid dendritic cell; MFI, mean fluorescence intensity; pDC, plasmacytoid dendritic cell.
class I, HLA-DR, CD69, and/or PD-L1. The change in percentage of positive cells was also assessed for 3 two-marker combinations: CD80 and CD86, CD83 and HLA class I molecules, and CD69 and PD-L1.
IFN-α stimulation, at both doses, caused significant changes in the MFI of all markers tested on the surface of monocytes and mDCs (P < .05, by the t test, for the absolute change in MFI after stimulation; Figure 1 and Table 2 ). Changes in MFI for certain markers on pDCs were more variable (Table 2) , indicating either a lesser change or greater difficulty detecting change because of a smaller numbers of cells. Changes in the percentage of positive cells were less frequently significant, particularly at the lower dose of IFN-α. Figures 1A and 1B demonstrate upregulation of activation markers on the surface of both mDCs and monocytes. In most instances, the change in MFI appeared to be driven by upregulation of CD80 and CD86 on a subset of cells, rather than by generalized upregulation in the whole population. In the case of monocytes, for which MFI changes were most clearly significant, most but not all patients demonstrated an increase in the density of activation markers (ie, CD80, CD83, CD86, and MHC class I and class II molecules) on the cell surface ( Figure 1C ).
Association of Monocyte Activation With Failure to Achieve SVR
We hypothesized that robust mDC responsiveness to IFN-α stimulation might be key to effective treatment and that, contrariwise, monocyte activation would be linked to pDC destruction and reduced viral clearance. Assuming that expression of many activation markers would be changed coordinately in different cell types, presenting an aggregate profile that is typical of each, we used principal component analysis of changes occurring with IFN-α stimulation to identify profiles and to test their association with SVR.
For each cell type, principal component analysis was performed using standardized values from all markers for which we obtained expression data from at least 180 individuals. The first principal components for each cell type, accounting for 30%, 23%, and 38% of variance in responsiveness of monocytes, mDCs, and pDCs, respectively, are presented in Table 3 . In all cases, the greatest variability between patients was contributed by differences in CD80, CD83, and/or CD86 expression, as might have been expected on the basis of published literature [7, 17, 20] .
The relationships between SVR and scores on these first principal components were then tested in a logistic regression model for achievement of SVR that also included IL28B genotype, the presence of diabetes, age at treatment start, sex, and race. After we controlled for other variables, the model showed that monocyte activation was a highly significant negative predictor of SVR (P = .002; Table 3 ), whereas mDC and pDC activation were not. Those variables that were most heavily loaded in the first principal component for monocyte activation were also significant negative predictors of SVR; for example, all variables shown in the first column of Table 3 with loadings of >0.3 were significant individual negative predictors of SVR ( Figure 1D ).
Association of CD80 and MHC Class I Molecules on Monocytes With Non-SVR
Although we initially hypothesized that robust mDC responsiveness to IFN-α stimulation would be key to effective treatment response, the first principal component of this response showed no association with SVR. Nonetheless, it was possible that analysis of only the first principal component of responsiveness had obscured other significant associations (eg, a Figure 2 continued. significant positive association between some measure of mDC activation and SVR). We therefore used lasso logistic regression analysis, a technique for performing variable shrinkage and selection via least absolute deviation (L1) coefficient penalization [21] , to search for other variables in the data set that might be negatively or positively associated with SVR.
Lasso analysis was performed separately with MFI and percentage-positive variables. Cross-validation of binomial deviance for the logistic regression models showed a minimum after inclusion of 3 or 4 variables (Figure 2A and 2B, respectively). We applied lasso logistic regression with the corresponding penalty, as well as slightly relaxed values that corresponded to inclusion of 6 variables ( Figures 2C and 2E, respectively) . Coefficients for regression on MFI variables again demonstrated a dominant relationship between monocyte activation in response to IFN-α and failure to achieve SVR, with expression of CD80 and MHC class I molecules on monocytes most highly associated ( Figure 2C ). We also plotted summed coefficients to demonstrate the joint tendency of monocyte activation markers after IFN-α stimulation to be associated with failure to achieve SVR ( Figure 2D ). Regression on percentage-positive variables revealed a negative association between SVR and activation markers on monocytes and possibly also on pDCs ( Figures 2E  and 2F ).
As noted above, there was a strong and significant relationship between monocyte activation and failure to achieve SVR, even after controlling for the effects of other important predictors such as IL28B genotype, the presence of diabetes, age, sex, and race. It was difficult, however, to test the significance of the association between pDC expression of CD80 and/or MHC class I and SVR, because calculations of statistical significance for the strongly biased estimates that arise from penalized regression methods such as the lasso are currently experimental [22] . Nevertheless, we note that only one of these pDC Figure 3 . Variable importance by random forest methodology. This chart lists the top 25 most important variables for classification of subjects into groups of those with and those without sustained virologic response (SVR), using classification trees. Monocyte activation in the presence of interferon α (IFN-α), as assessed by CD80 mean fluorescence intensity, is second only to IL28B genotype. Abbreviations: HCV, hepatitis C virus; mDC, myeloid dendritic cell; MHC, major histocompatibility complex; pDC, plasmacytoid dendritic cell.
predictors (MHC class I upregulation) and not the other (CD80 upregulation) was significantly associated with SVR in the full logistic regression model, which included IL28B genotype, the presence of diabetes, age, sex, and race as covariates.
Importance of Monocyte Activation Predictors of SVR
We wished to understand whether variable monocyte activation might have a dominant or at least an important influence on SVR, relative to that of well-known predictors such as IL28B genotype. To complement the lasso approach above, we used a random forest approach that, in addition to achieving good predictive performance, provides measures of variable importance. Thus, random forests consist of a large ensemble of classification trees (here, 1000 trees) that use both bootstrap resampling and random subsets of the independent variables to improve the classification accuracy (here, in predicting SVR status) of individual trees by averaging over the ensemble, thereby reducing prediction variance [23, 24] . The importance of a given variable is reflected by a decrease in successful prediction of SVR status when its values are permuted within the data set; that is, the method tests for a decrease in successful prediction of SVR when the observed values of a given variable are randomly assigned to study subjects. We used a conditional method of testing variable importance so that correlated variables were not given undue weight [25] .
Fifty-three different variables, including 42 variables reflecting APC responsiveness to in vitro IFN-α stimulation based on MFI changes, were used in the analysis. The 25 most important variables rated by the forest are shown in Figure 3 . As would have been predicted by the existing literature [26, 27] , interleukin 28B status, the presence of diabetes, and sex were all rated as important variables. Note that the relatively low importance of race is expected because study subjects were chosen so that people of different race/ethnicity would be evenly distributed in SVR and non-SVR groups. The second most important variable identified by the algorithm, however, was upregulation of CD80 on monocytes after in vitro stimulation with IFN-α, while upregulation of MHC class I and of CD83 was rated just after the presence of diabetes. These observations suggest that testing in vitro responsiveness of monocytes to IFN-α stimulation may provide predictive power intermediate between that of diabetes and IL28B genotype.
Influence of Continued HCV Infection on Monocyte Activation
It remained possible that monocyte activation after IFN-α stimulation appeared to be associated with failure to achieve SVR because HCV infection itself alters the capacity of monocytes to respond in the ex vivo assay. Should this be the case, we reasoned that the effect might be greater in those with a higher viral load. To test this possibility, we determined whether there was a consistent relationship (in the non-SVR group) between viral load and the activation parameters identified above as being important. In so doing, we noted that presence of the IL28B CC genotype was associated with higher viral load, indicating that such an association does not necessarily indicate an effect of HCV on the predictor ( Figure 4A [26] ). In any case, viral load was not correlated with the important predictor identified by a random forest: upregulation of CD80 on monocytes after in vitro stimulation with IFN-α ( Figure 4B ). In fact, viral load was not significantly associated with changes in the MFI Figure 4 . Association of important predictors of sustain virologic response (SVR) with viral load. A, The IL28B CC genotype is associated with higher viral load among subjects not achieving SVR, as previously reported [26] . Note that this association is in contrast to that which might be expected from a genotype associated with clearance. B, Hepatitis C virus (HCV) load is not predictive of in vitro monocyte activation (P = .16, by linear regression). Abbreviation: MFI, mean fluorescence intensity.
of any of the markers examined. Nonetheless, it remains possible that the presence of HCV affects the conditioning of cells.
DISCUSSION
In this study, we documented a clear and robust association between SVR and lower levels of monocyte activation in response to in vitro IFN-α stimulation. This association was observed when evaluating a broad, overall measure of monocyte activation (the first principal component of monocyte responses to IFN-α) and also in the case of many individual monocyte activation markers. The association was statistically significant after we controlled for other known factors influencing SVR and was important in distinguishing patients who achieved SVR from those who did not. In contrast, and contrary to our initial hypothesis, neither mDC nor pDC activation in response to IFN-α was reliably associated with achievement of SVR.
Because of the cross-sectional nature of this study, we do not know whether monocyte responsiveness is an important cause of treatment failure or, rather, a correlate of ongoing HCV infection. This question is currently being addressed in a prospective clinical study; however, we believe that a direct effect of viremia on in vitro activation by IFN-α is unlikely. First, there was no association between viral load and in vitro monocyte activation, despite the fact that many individuals not achieving SVR had extremely low viral loads. Second, alanine aminotransferase levels at time of blood collection for subjects with ongoing viremia were not correlated with monocyte activation, suggesting that monocyte responses were not linked to inflammation. Third, the assay used in this study was performed ex vivo and presumably in the presence of little or no virus, regardless of infection status. Finally, only ex vivo IFN-α-stimulated, rather than basal, monocyte activation parameters correlated consistently with failure to achieve SVR (data not shown), suggesting that there are intrinsic differences in IFN-α responsiveness rather than baseline effects due to viremia. Nevertheless, priming effects on monocytes due to recent in vivo viral exposure cannot be excluded.
It will be interesting to determine whether low levels of monocyte responses to IFN-α are predictive of responses only to those regimens containing IFN-α or will also predict response to IFN-sparing regimens. It is possible that, as proposed by others [13] , monocyte responsiveness and activation are important drivers of HCV immunopathology. Individuals with highly responsive monocytes may produce larger amounts of tumor necrosis factor α and IL-10, resulting in destruction of pDCs and making the disease more difficult to treat, irrespective of the regimen used.
Our observations are reminiscent of previous findings of a paradoxical association between IFN-α responsiveness and treatment failure. Honda et al showed that expression of hepatic IFN-stimulated genes (ISGs) in the liver before treatment is associated with treatment failure and a detrimental IL28B haplotype [28] . This finding is surprising because it suggests that responsiveness to IFN-α can be detrimental even though IFN-α can clearly serve as an antiviral agent. In the present study, monocyte responsiveness to IFN-α was associated with treatment failure but not with IL28B haplotype. A more recent study confirmed that basal intrahepatic expression of ISGs is linked to nonresponse and suggested that Kupffer cells are an important source of the IFN-α that drives ISG expression and may also induce innate immune tolerance [29] . Given the close relationship between blood monocytes and Kupffer cells, it seems possible that our in vitro assay and the differences in Kupffer cell activity proposed by Lau et al are linked.
Finally, these results may have implications for understanding individual outcomes seen in other chronic viral infections. For example, although IFN-α can inhibit HIV replication in vitro, it has a number of regulatory effects that might contribute to immune activation and associated HIV immunopathology in vivo, including upregulation of MHC class I [30] , the generation of naive CD8 low T-cells that are functionally anergic [31, 32] , and the upregulation of CCR5 on intrathymic T-cell progenitors [33] . Variable monocyte responsiveness to HIV infection may therefore play an important role in the balance between productive immunity and immunopathology, just as in the case of HCV infection as described here.
Notes
